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1 Abstract 
We present calcium isotope data from pore fluids and solids from Ocean Drilling 10 
Program Leg 175: Sites 1081 and 1086 (off the coast of West Africa).  These sites 
are similar with respect to geographic location, sediment age (from modern to 8 
Myr), and water depth (800m), but Site 1081 is carbonate-poor, whereas Site 
1086 is carbonate-rich.  Therefore, these sites are suited for the exploration of 
the influence of sediment type on carbonate dissolution, precipitation, and 15 
recrystallization.  We use two a numerical modelmodelling approaches to 
explore the rates of carbonate dissolution and precipitation in the sediment 
column. The first is the standard diffusion-reaction approach, using t of the 
strontium concentration within the pore fluid to ascertain a dissolution rate for 
the carbonate, which is then applied to a second model of calcium isotopes 20 
within the pore fluid to calculate precipitation rates.  Given the high 
sedimentation rates we also apply an advection-reaction model (Huber et al., 
2017) which results in the same depth distribution of carbonate precipitation 
but significantly higher overall rates, which is discussed.  Calcium isotope ratios 
in pore fluid calcium increase in zones where our model predicts carbonate 25 
precipitation, and approach isotopic equilibrium with the solid in zones where 
our model predicts equivalent rates of dissolution and precipitation, similar to 
previous findings. Contrary to previous findings in marine sediments, our model 
requires a calcium isotope fractionation on carbonate precipitation to fit the 
data, as there is an offset between the 44Ca of the fluid and the solid. Using the 30 
zones of carbonate precipitation determined from the models and previously 
published carbon isotope profiles of the dissolved inorganic carbon from these 
sites, we suggest that the δ13C of the authigenic carbonate is uniformly lower 
than biogenic carbonate but by a wider range than was previously suggested. 
 35 
2 Introduction: 
Over geological timescales, the carbon cycle is governed by the transfer of carbon 
from the exogenic surface reservoir to the mantle carbon reservoir via the burial 
of organic carbon and carbonate minerals and the return of carbon to the surface 
through volcanism and metamorphism (Walker et al., 1981; Berner, 1992; 40 
Berner, 2003).  Carbon deposited on the seafloor as both organic carbon and 
carbonate minerals represents the major removal pathway for carbon from 
Earth’s surface (Froelich et al., 1979; Aller, 2004; D’Hondt et al., 2004).  However, 
carbonate minerals that are deposited in the oceans at the sediment-water 
interface often undergo changes in bulk mineralogical composition below the 45 
seafloor (Deming and Yager, 1992; Aller, 2004; D’Hondt et al., 2004). Where the 
supply of organic carbon to marine sediments is greater than the rate of diffusion 
of oxygen into sediments, suboxic or anoxic conditions often occur close to the 
sediment-water interface (Froelich et al., 1979; Berner, 1980; Canfield et al., 
1993; Tromp et al., 1995).  Organic carbon oxidation, when it occurs 50 
anaerobically, often drives an increase in pH and the resulting dissolved 
inorganic carbon can reprecipitate as in situ carbonate in marine sediments, 
often called authigenic carbonate (Higgins et al., 2009; Schrag et al., 2013; 
Teichert et al., 2014).  The ultimate control on the extent, rate, and global 
significance of authigenic carbonate precipitation in marine sediments remains 55 
unclear.  
 
The overall stability of carbonate minerals deposited in marine sediments and 
whether they are likely to recrystallize, precipitate further as authigenic 
carbonate, or dissolve, within the sediment column depends on several chemical 60 
and physical factors including pH, alkalinity, temperature and pressure; many of 
these environmental variables are controlled within sediments by the 
metabolisms involved in the microbial oxidation of organic matter (Soetaert et 
al., 2007; Teichert et al., 2009). The saturation state of calcium carbonate (Ω) is 
determined by the activities of the carbonate and calcium ions (Eqn. 1): 65 
 
Ω𝐶𝑎𝑙𝑐𝑖𝑡𝑒 =
[𝐶𝑎2+]𝑠𝑤 × [𝐶𝑂3
2−]𝑠𝑤
𝐾𝑠𝑝∗
=
[𝐶𝑎2+]𝑠𝑤 × [𝐶𝑂3
2−]𝑠𝑤
[𝐶𝑎2+]𝑠𝑎𝑡 × [𝐶𝑂3
2−]𝑠𝑎𝑡
 
Equation 1 
Where [𝑋]𝑠𝑤 denotes the activity in seawater, and [𝑋]𝑠𝑎𝑡 refers to the activity at 
saturation, while K*sp is the solubility product of calcium carbonate at the in situ 
conditions of temperature, salinity and pressure.  When Ω>1 there is 70 
supersaturation with respect to calcium carbonate and when Ω<1 there is 
undersaturation. Much of the measured alkalinity within seawater and 
sedimentary pore fluid is carbonate alkalinity, so when alkalinity increases due 
to microbial oxidation of organic matter, Ω also increases.  However, due to the 
equilibrium among carbonate species, when pH decreases Ω decreases, whereas 75 
if the pH increases the Ω also increases.  Hence, microbial activity can causes 
supersaturation or undersaturation of carbonate minerals depending on the 
relative effect on alkalinity and pH.  The microbially-mediated processes that 
lead to the highest increase in Ω are iron reduction, manganese reduction, and 
anaerobic methane oxidation (where sulfate reduction is coupled to methane 80 
oxidation) (Soetaert et al., 2007). In marine sediments, microbial sulfate 
reduction dominates the oxidation of organic carbon due to the high relative 
abundance of sulfate to other electron acceptors in seawater; the organic carbon 
that escapes organiclastic oxidation through microbial sulfate reduction is often 
fermented into methane (Oremland and Taylor, 1978; Froelich et al., 1979; 85 
Whiticar and Faber, 1986; Canfield, 1989; Canfield et al., 1993).  Microbial sulfate 
reduction alone causes a reduction in in situ pH, which has been suggested to 
reduce Ω even when the production of alkalinity is taken into account (Soetaert 
et al., 2007). However, sulfide produced during microbial sulfate reduction may 
react with sedimentary iron to make pyrite, and the precipitation of pyrite 90 
causes an increase in pH, which leads to an increase in Ω and along with the 
anaerobic oxidation of methane, may be a key sedimentary process that drives 
authigenic carbonate precipitation (Sivan et al., 2007; Soetaert et al., 2007; 
Chatterjee et al., 2011).  
 95 
The net effect of these microbially-mediated processes is to transform organic 
carbon into inorganic, mineralized, carbonate carbon within marine sediments.   
This transfer may be a key process in the global carbon cycle particularly at 
points in Earth history when the oceans were largely anoxic and authigenic 
carbonate may have more readily formed in marine sediments than it is today 100 
(Higgins et al., 2009; Schrag et al., 2013).  Organic carbon is depleted in 13C 
relative to the dissolved inorganic carbon (DIC) from which it is derived.  As 
such, when there is fractionally more organic carbon burial (or less carbonate 
mineral burial) the remaining DIC in seawater will become enriched in 13C, and 
when there is less organic carbon burial the remaining DIC will be enriched in 105 
12C.  Fluctuations in the carbon isotope composition of the ocean DIC pool have 
been used to track changes in the fractional burial of organic carbon over Earth 
history (Broecker, 1970; Schrag et al., 2013).  Authigenic carbonate, formed from 
the sedimentary oxidation of organic carbon and conversion of this carbon into 
carbonate minerals, would be an additional carbon sink and, when significant, 110 
could alter the interpretation of the carbon isotope record over Earth history 
(Schrag et al., 2013).   Most authigenic carbonate should be 12C-enriched because 
the DIC from which it derives originates from the oxidation of organic matter 
(Schrag et al., 2013).   However, the δ13C of DIC within sediments can vary by up 
to 40‰ due to the oxidation or subsequent fermentation of organic carbon and 115 
it remains unclear at which depth the largest amount of authigenic carbonate is 
precipitating (Teichert et al., 2009).  Although the net flux of calcium within pore 
fluids has been used to quantify the total amount of authigenic carbonate 
precipitating in the modern ocean, these studies do not tell us the depth 
distribution of authigenic carbonate precipitation (Anderson et al., 2013; Sun 120 
and Turchyn, 2014).  
 
The application of calcium isotopes to study sedimentary carbonate dissolution, 
precipitation, and recrystallization has been pioneered over the last 15 years 
(Heuser et al., 2002; Gussone et al., 2003; Fantle and DePaolo, 2007; Teichert et 125 
al., 2009; Fantle and Tipper, 2014; Brazier et al., 2015).  Calcium has 5 stable 
isotopes (40Ca, 42Ca, 43Ca, 44Ca and 46Ca) and 48Ca is considered stable due to its 
long half-life.  The stable isotope composition of calcium is reported as the ratio 
of the two most abundant isotopes 44Ca (2%) to 40Ca (97%) using delta notation 
in common with many other stable isotopes systems.  130 
 
𝛿44𝐶𝑎𝑠𝑎𝑚𝑝𝑙𝑒 =
(
 
 
 
 
 (
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⁄ )
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× 1000  
Equation 2 
 
Calcium isotopes are measured relative to multiple different reference standards 
(Eqn. 2).  Some of the earliest work on calcium isotopes used calcium fluoride 135 
(CaF2) to represent Bulk Silicate Earth or ultrapure calcium carbonate standards 
(Russell et al., 1978; Jungck et al., 1984). More recent work uses four different 
reference standards, NIST 915A, NIST 915B, Bulk Silicate Earth and modern 
seawater (Zhu and Macdougall, 1998; Heuser et al., 2002; Gussone et al., 2003; 
Fantle and DePaolo, 2007; Heuser and Eisenhauer, 2008). In this paper, we 140 
report calcium isotope ratios relative to Bulk Silicate Earth, which can be 
converted to other scales as discussed in the Methods section. 
 
During the precipitation of calcium carbonate from fluid there is an apparent 
calcium isotope fractionation between the solid and the formation fluid of 145 
between -2‰ to 0‰ depending on the temperature, stoichiometry, mineralogy 
and ionic strength of the solution; the direction of the calcium isotope 
fractionation, with the 40Ca in the solid suggests kinetic isotope fractionation (De 
La Rocha and DePaolo, 2000; Gussone et al., 2003; Marriott et al., 2004; Fantle 
and DePaolo, 2005; Gussone et al., 2005; Fantle and DePaolo, 2007; Tang et al., 150 
2008b; Tang et al., 2008a; Teichert et al., 2009; Gussone et al., 2011; Tang et al., 
2012; Nielsen et al., 2012; Fantle, 2015).  During this calcium isotope 
fractionation, 40Ca is preferentially incorporated into the carbonate mineral, with 
the remaining fluid enriched in 44Ca. This calcium isotope fractionation is 
precipitation-rate dependent, although the direction of this rate-dependence is 155 
still under debate. Originally it was shown that during slower carbonate 
precipitation more of the 40Ca would be incorporated into the solid, whereas 
during faster carbonate precipitation there would be less partitioning of calcium 
isotopes between the fluid and the carbonate (Gussone et al., 2003; Marriott et 
al., 2004; Lemarchand et al., 2004; Gussone et al., 2005).  There have been other 160 
experiments showing a decreasing calcium isotope fractionation with slower 
carbonate mineral precipitation rates (Tang et al., 2008a; DePaolo, 2011). The 
effect of the saturation state and stoichiometry of the solution has also been 
shown to be important in driving the calcium isotope fractionation during 
precipitation to an equilibrium or kinetic limit (Nielsen et al., 2012).  165 
 
During carbonate mineral dissolution there is no known calcium isotope 
fractionation; as such the released calcium has the same δ44Ca as the solid  
(Fantle and DePaolo, 2007; Gussone et al., 2009; Turchyn and DePaolo, 2011).  
Multiple studies have shown that when there is calcium isotope equilibrium 170 
between carbonate minerals and aqueous calcium, that the equilibrium 
fractionation factor is close to unity; this means that in fluid-limited systems like 
sedimentary pore fluids, the aqueous calcium approaches the 44Ca of the 
carbonate solids over a length scale proportional to the rate that the carbonate 
minerals are recrystallizing (Fantle and DePaolo, 2007; DePaolo, 2011; Turchyn 175 
and DePaolo, 2011; Nielsen et al., 2012; Fantle, 2015).  In clay and organic-rich 
sediments, carbonate minerals recrystallize slower, which is manifest by the 
δ44Ca of the pore fluid staying out of isotopic equilibrium with, or at a different 
δ44Ca to, the solid carbonate (Turchyn and DePaolo, 2011).  In theory by tracking 
the δ44Ca in pore fluid of clay and organic-rich sites during the sedimentary 180 
precipitation of authigenic carbonate, there will be an enrichment of the heavier 
44Ca isotope in the pore fluid, as the light 40Ca goes into the solid (Teichert et al., 
2009).  The pore fluid enrichment in 44Ca during authigenic carbonate 
precipitation has previously been shown in sedimentary pore fluids in other 
settings (Teichert et al., 2005; Henderson et al., 2006). 185 
 
The strontium concentration of the pore fluid and the calcium isotope 
composition are both determined by a range of processes. The strontium 
concentration in the pore fluid is controlled by the dissolution and precipitation 
of strontium-bearing minerals beneath the sediment-water interface. During the 190 
recrystallization of biogenic carbonates, strontium is released into the pore fluid 
during the dissolution, and included to a lesser extent into the reprecipitated 
minerals. Hence, the strontium concentration can be used to calculate the 
recrystallization rate of the carbonate (Baker et al., 1982; Gieskes et al., 1986; 
Richter and DePaolo, 1987; Richter and DePaolo, 1988; Richter and Liang, 1993; 195 
Rudnicki et al., 2001; etc.). The δ44Ca of the pore fluid is controlled by the 
dissolution and recrystallization of the carbonate as discussed above. By 
combining these two models for the recrystallization, any further effect on the 
δ44Ca of the pore fluid due to precipitation of authigenic carbonate can be 
established. There are a couple of possible complications to this approach for 200 
assessing carbonate dissolution and precipitation. The amount of strontium 
released during carbonate dissolution depends strongly on the dissolved 
mineral; for example, biogenic carbonate has higher strontium concentrations 
than micritized carbonate.  Furthermore, if our assumption that calcium isotopes 
are impacted only by the dissolution and precipitation of carbonate is incorrect, 205 
and if calcium was being released from silicates or clays, then it is possible that 
the δ44Ca of the fluid could change without a concurrent change in strontium 
concentrations or conversely the δ44Ca of the fluid could stay the same while the 
strontium concentrations changed (Turchyn and DePaolo, 2011; Fantle and 
Tipper, 2014).   210 
 
In this paper, we present calcium isotope measurements of two geographically 
close but chemically different Ocean Drilling Program sites. Site 1081 is organic-
rich (~5 wt%) with a carbonate content of around 30%, compared to Site 1086, 
which contains less organic matter (~1%) and has a higher carbonate content in 215 
the sediment (~80%) (Wefer et al., 1998). The calcium isotope composition, 
calcium concentration and strontium concentration within the pore fluid can be 
numerically modeled in order to determine carbonate dissolution and authigenic 
carbonate precipitation throughout the cores. We use a reactive-transport model 
of the calcium concentrations to resolve the ratio of dissolution to precipitation 220 
within the pore fluid as well as reactive transport models of the strontium 
concentrations and calcium isotopes to determine two independent estimates for 
the dissolution rates. Having modeled the depth range of carbonate mineral 
precipitation, we then use the previously published δ13C profiles to explore the 
δ13C composition of the authigenic carbonate at these sites. 225 
 
3 Sample Locations and Description: 
Sites 1081 and 1086 are located off the west coast of Africa (Fig. 1a).  Site 1081 is 
at 805m water depth, at a location of intense upwelling leading to organic-rich 
sediments.  Site 1081 comprises nanofossil and foraminifer-rich clay (upper 230 
77m), diatom-rich clay (77-237mbsf) and nanofossil-rich clay (237-399mbsf), 
with the base of the core being composed mainly of nanofossil ooze with a clay 
fraction (Berger et al., 1998; Pufahl et al., 1998).  Sedimentation rates vary 
between 25m/Myr to 185m/Myr calculated from spectral analyses and bulk 
density profiles, although biostratigraphic estimates suggest sedimentation rates 235 
as high as 345m/Myr (Gorgas and Wilkens, 2002).  Sedimentation rates are 
higher over the upper 200m of sediment, before decreasing to 25-65m/Myr 
below this with an average rate of 54m/Myr over the sediment column (Fig. 1d, 
Wefer et al., 1998).  The sediment ranges in age from modern to 8.5Ma. 
Carbonate content in the sediment decreases from around 40 wt% to around 5 240 
wt% over the top 100m of the sediment column and is constant between 5 and 
10 wt% below this depth (Fig. 2) (Wefer et al., 1998). Organic carbon content is 
high, averaging around 5 wt% throughout the sediment column, but reaching as 
high as 8 wt% between 120 and 150mbsf (Wefer et al., 1998).  High 
sedimentation rates and high rates of organic matter deposition lead to a rapid 245 
reduction of sulfate over the top 55m of sediment (Fig 1c).  Below this 
methanogenesis occurs, leading to sulfate-driven anaerobic oxidation of methane 
at the sulfate-methane transition zone at 55mbsf (Sivan et al., 2007). Key pore 
fluid profiles referred to including calcium, strontium, magnesium, alkalinity, 
fraction carbonate, porosity and organic matter content are given in Fig. 2 250 
(Wefer et al., 1998). 
 Figure 1: (a) Location Map (b&c) Pore fluid calcium and sulfate concentrations (Wefer et al., 1998) 
(d) Biostratigraphic summary of Sites 1081 and 1086 (Wefer et al., 1998). 
 255 
Site 1086 is located off the west coast of South Africa in the Cape basin at a water 
depth of 794m (Fig. 1a).  The upwelling in this region is seasonal and less intense 
than in the waters over Site 1081.  Site 1086 is composed entirely of nanofossil-
foraminifera ooze over the top 200m of the sediment column, which ranges in 
age from modern to 7.5Ma.  The sedimentation rate has been relatively constant 260 
at around 32m/Myr, which is of a similar order of magnitude to the rates 
described above for Site 1081 (54/Myr - Fig. 1d, Wefer et al., 1998).  The 
carbonate content is also relatively constant at around 80 wt%, with the organic 
carbon content around 1 wt% throughout the sediment (Wefer et al., 1998). 
With the lower organic carbon content, the rates of microbial sulfate reduction 265 
are much slower with measurable sulfate concentrations still being present at 
the base of the core at 200mbsf (Fig. 1c). 
 
In both cores the calcium concentrations decrease through the zone of microbial 
sulfate reduction, where the concentrations of sulfate are decreasing and the 270 
alkalinity is increasing (Fig. 1c).   
 
 
Figure 2: Measured Pore fluid profiles from Site 1081 (a-e) and Site 1086 (f-j) (Wefer et al., 1998). (a,f) 
Strontium concentrations [Sr], (b,g) Calcium [Ca] (x) and Magnesium [Mg] (+) concentrations, (c,h) 275 
alkalinity, (d,i) Porosity (ϕ) (x) and fraction carbonate (fc) (+) and (e,j) organic matter content. The dashes 
lines separated zones I, II and III, which are the bacterial sulfate reduction zone, zone of anaerobic oxidation 
of methane and zone of methanogenesis respectively, as determined from pore fluid concentrations and 
previous work on the sites (Wefer et al., 1998; Sivan et al., 2007). The sulfate-methane transition zone is 
situated between zones I and II. 280 
4 Analytical Methods: 
Calcium isotope (44Ca/40Ca) analysis was conducted at the University of 
Cambridge using a Thermo Scientific Triton Plus MC-Thermal Ionization Mass 
Spectrometer.  Sample aliquots containing 6μg of calcium were combined with a 
42Ca-48Ca double–spike at a ratio of 10:1 (sample-to-spike) in acid-cleaned Teflon 285 
vials.  The 48:42 ratio of the double–spike is 1:1, similar to the optimum ratio of 
3:2 for a 42Ca-48Ca double–spike (Rudge et al., 2009).  Solid samples were 
dissolved in dilute ultra-pure acetic acid for 1 hour, before being converted to 
nitrates and then combined with the double spike.  The samples were then dried 
and re-dissolved in 0.5% nitric acid and calcium was separated using a Dionex 290 
ICS-5000+ IC system coupled with a Dionex AS-AP fraction collector.  The 
samples were run through a high-capacity carboxylate-functionalised column 
(Dionex CS-16) using 30mM methyl-sulfonic acid (MSA) at a flow rate of 
1ml/min.  The conductivity of the samples is continuously measured during the 
separation, and a minimum peak slope of 0.003μS/s determines the sample 295 
collection during a set time window.  The method is similar to the published 
work of Schmitt et al., (2009). The procedural blank on the Dionex as determined 
independently by ICP-OES is 96ng of calcium, when 7ml of eluent was collected 
from the Dionex. During the collection of 4.4μg of calcium using the Dionex, this 
represents ~2% of the collected calcium. The collected calcium is then dried 300 
down before being re-eluted in 1μl of 2M nitric-acid and 4μg of calcium is loaded 
on an outgassed 0.7mm Rhenium filament with 0.5μl of 10% trace metal purity 
Phosphoric acid as an activator. The samples are run using a double filament 
method, with the ionisation filament being heated to 1400 degrees (as measured 
on a pyrometer), and the evaporation filament is heated manually until a stable 305 
signal between 5-10V of 40Ca on a 1011Ω resistor is reached. The method consists 
of a dynamic collection routine (40-44 and 42-48) with an integration time of 
8.389s. 10 blocks of 20 cycles are collected, with peak centring and baseline 
being run at the start of the run, and lens focusing occurring every 2nd block. 
Total run-time not including heating is 1.5 hours.  The average external 2σ 310 
standard deviation over 9 months on the standard NIST915B was 0.10‰ 
(mean= -0.28, n=82, Fig. 3). 
 
The δ44Ca is reported relative to Bulk Silicate Earth (0.0212116 (Russell et al., 
1978)), with the common standards NIST915A having a δ44Ca of -0.99‰ (n=8, 315 
2σ= 0.09) and seawater having a δ44Ca of 0.96‰ (n=8, 2σ=0.1). 
 Figure 3: δ44Ca values of NIST 915B measurements. The solid line represents the mean δ44Ca and the 
dashed lines represent the 1σ standard deviation. 
Strontium and calcium concentrations were determined from the sediment on a 320 
Varian Vista Axial ICP-OES at the University of Cambridge using the 315.887nm 
calcium and 421.552nm strontium emission lines (Langer et al., 2016). 
5 Modelling Methods 
Our reactive-transport model uses the changing strontium and calcium 
concentration and calcium isotope composition of the pore fluid to determine the 325 
depth distribution of carbonate mineral precipitation and dissolution.  Strontium 
concentrations and calcium isotopes in the pore fluid offer complementary 
information on the depth distribution of carbonate dissolution, precipitation and 
recrystallization.  Within sedimentary pore fluids, strontium concentrations 
increase due to carbonate dissolution releasing strontium to the pore fluid while 330 
carbonate reprecipitation takes less pore fluid strontium during mineral 
formation (although this is mineral-dependant); thus the depth, or length, over 
which strontium concentrations increase is a function of the rate of carbonate 
dissolution and reprecipitation, or recrystallization (Richter and DePaolo, 1988; 
Richter and Liang, 1993).  The strontium concentration in the pore fluid is 335 
determined by the strontium concentration in seawater (91M), the amount of 
strontium in the sedimentary carbonate, and the partition coefficient during 
carbonate precipitation.  As introduced earlier, the calcium isotopes in the pore 
fluid decrease during carbonate dissolution (towards the bulk carbonate 
valuecalcium isotope composition) and increase during carbonate precipitation 340 
due to calcium isotope fractionation during precipitation, as long as calcium 
isotope fractionation is occurring during precipitation, putting 40Ca 
preferentially in the solid phase. 
 
We use a reactive-transport model approach based originally on the work of 345 
Berner (1980), and developed in multiple subsequent studies (Baker et al., 1982; 
Richter and DePaolo, 1987; Schrag et al., 1995; Fantle and DePaolo, 2006) to 
model the evolution of the concentration of an element dissolved in the pore 
fluid.  This model describes a system consisting of a solid that is dissolving and 
reprecipitating such that there is no net change in the solid mass. The evolution 350 
of the pore fluid can be described by Equation 3: 
 
𝜕𝐶𝑓
𝜕𝑡
= 𝐷
𝜕2𝐶𝑓
𝜕𝑧2
− 𝜈
𝜕𝐶𝑓
𝜕𝑧
+ 𝑅𝑀(𝐶𝑠 − 𝐾𝐶𝑓) 
Equation 3 
In Equation 3, D is the diffusion coefficient of the species in solution with units of 
m2/Myr, ν is the pore fluid advective velocity (m/Myr), Cs is the concentration in 355 
the solid (molal), Cf is the concentration in the fluid (molal), R is the 
recrystallization rate of the solid in terms of reciprocal time (Myr-1), M 
(= 𝜌𝑠(1 − 𝜙)/𝜌𝑓𝜙) is the solid/fluid mass ratio of the sediment, where ρ is the 
density and ϕ is the porosity, and K is the distribution coefficient between the 
solid and fluid (Cs/Cf) that applies for the precipitation of solid carbonate from 360 
the pore fluid. As such Equation 3 contains terms that describe the diffusion, 
advection and reaction of the element in the pore fluid with the coexisting solid. 
The one dimensional spatial reference frame is defined with z = 0 at the 
sediment-water interface with z increasing with depth. 
 365 
We modify Equation 3 similar to Turchyn and DePaolo (2011), within the 
reaction rate term, to separate the rate of precipitation from dissolution to 
account for the fact that calcium concentrations decrease in our sedimentary 
pore fluids, suggesting there are depths where carbonate precipitation exceeds 
carbonate dissolution in the sediment column and a strict recrystallization rate 370 
where the precipitation and dissolution rates are equivalent is not valid. A term 
is also included to account for the fraction of carbonate (fc) within the sediment, 
as the carbonate content is variable in the measured sites (Fig. 2). The modified 
equation (Turchyn and DePaolo, 2011), is: 
 375 
𝜕𝐶𝑓
𝜕𝑡
= 𝐷
𝜕2𝐶𝑓
𝜕𝑧2
− 𝜈
𝜕𝐶𝑓
𝜕𝑧
+ 𝑓𝑐𝑀𝐶𝑠(𝑅𝑑 − 𝑅𝑝) 
Equation 4 
Where terms are the same as Eqn. 3 with the addition of 𝑅𝑝 and 𝑅𝑑 , which are 
the rates of precipitation and dissolution (/Myr).  Following the sensitivity 
analysis of Turchyn and DePaolo (2011), it was concluded that the adsorption of 
aqueous calcium onto sedimentary grains, which could retard aqueous diffusion 380 
of calcium, was unlikely to be impacting the calculated carbonate dissolution 
rates at either of their measured sites, and hence, it was not included in Equation 
4. 
 
As a first pass we will use modified versions of Equations 3 and 4 to determine 385 
an analytical solution for carbonate dissolution and precipitation as a function of 
reaction rate.  The model equations for strontium, calcium and calcium isotopes 
as summarised below were adapted from multiple previous studies, which 
describe in greater detail the derivation of the model equations (Berner, 1980; 
Baker et al., 1982; Richter and DePaolo, 1987; Richter and DePaolo, 1988; 390 
Richter and Liang, 1993; Richter, 1993; Schrag et al., 1995; Richter, 1996; 
Rudnicki et al., 2001; Fantle and DePaolo, 2006; Fantle and DePaolo, 2007; 
Turchyn and DePaolo, 2011).  
 
5.1 Strontium Concentrations  395 
We can first estimate the rate of carbonate dissolution within the sediment 
column by modelling pore fluid strontium concentrations (Richter and DePaolo, 
1987; Fantle and DePaolo, 2006). There are several assumptions in Equation 4 
that need to be made to find a steady state solution for pore fluid strontium 
concentrations.  We assume that the solid does not change its strontium 400 
concentration with time, the upper boundary (sediment-water interface) is fixed 
to modern seawater values of (~91μM), the porosity, the partition coefficient of 
strontium into reprecipitated carbonate (KSr) and recrystallization rate are 
constant with time (but not necessarily with depth) and there is no advection in 
the sedimentary pore fluids.  Lack of advection is a common assumption in deep-405 
sea pore fluids where the concentration gradients are strong steep and thus the 
system is assumed to be driven by reaction and diffusion (Berner, 1980; Richter 
and DePaolo, 1987; Richter, 1993; Fantle and DePaolo, 2006; Fantle and DePaolo, 
2007; Turchyn and DePaolo, 2011).  With these assumptions, the steady-state 
solution to Equation 4 is: 410 
 
𝐶𝑓(𝑧) =
𝐶𝑠
𝑛𝐾𝑆𝑟
+ (𝐶𝑠𝑤 −
𝐶𝑠
𝑛𝐾𝑆𝑟
) 𝑒−
𝑧
𝐿⁄  
Equation 5 
 
Where KSr is the strontium distribution coefficient, n is the ratio of precipitation 
to dissolution (Rp/Rd), z is the depth below the seafloor and Cx refers to the 415 
concentration of strontium in either the solid or pore fluid (measured as 
described above as 2200ppm at Site 1081 and 1800ppm at Site 1086). L is the 
diffusive reaction length, LSr (Berner, 1980; Phillips, 1991; DePaolo and Getty, 
1996), which is the depth over which the concentration of strontium in the pore 
fluid evolves from seawater to concentration in equilibrium with the solid and is 420 
defined as: 
𝐿𝑆𝑟 = √(
𝐷𝑆𝑟
𝑓𝑐𝑅𝑑𝑀𝑛𝐾𝑆𝑟
) 
Equation 6 
Where DSr is the diffusion coefficient of strontium in solution with units of 
m2/Myr, fc is the fraction of carbonate, Rd is dissolution rate, M is the solid/fluid 
ratio as defined earlier, n is the ratio of precipitation to dissolution and KSr is the 425 
strontium distribution coefficient. The value for KSr used is 20, which follows the 
work of Fantle and DePaolo (2006). As the pore fluid strontium concentrations 
do not reach equilibrium with the solid phase in our sites, the approach followed 
by Richter and DePaolo (1987; 1988) to estimate KSr cannot be applied. These 
equations allow us to model the strontium concentrations within the constraints 430 
of the assumptions we have made.  
5.2 Calcium Concentrations 
Previous work modelling calcium concentration (and isotopes) in marine pore 
fluids suggests that the diffusive reaction length (LCa) is very short, and thus 
calcium quickly reaches equilibrium with the carbonate phase in sediments. 435 
Therefore, similar to strontium, an analytical solution for steady-state calcium 
concentrations (assuming negligible advection) derived from Equation 4 is: 
 
𝜕2[𝐶𝑎]𝑓
𝜕𝑧2
=
𝑓𝑐𝑀[𝐶𝑎]𝑠
𝐷𝐶𝑎
(𝑅𝑝 − 𝑅𝑑) 
Equation 7 
Equation 7 suggests that changes in the concentration of calcium in the pore fluid 440 
give a qualitative sense of the relative proportions of Rp (rate of carbonate 
precipitation) and Rd (rate of carbonate dissolution), although the difference 
between them is proportional to the curvature of the calcium concentration pore 
fluid profile (Eqn. 7). Over the top part of the measured Sites, the concentration 
of calcium decreases until it reaches the minimum calcium concentration at 445 
depth zmin. The decrease in the concentration of calcium in the pore fluid can be 
determined using the boundary conditions of seawater concentrations at the top 
of the profile: 
 
[𝐶𝑎]𝑓(𝑧) = [𝐶𝑎]𝑠𝑤 +
𝑓𝑐𝑀[𝐶𝑎]𝑠
2𝐷
(𝑅𝑝 − 𝑅𝑑)𝑧(𝑧 − 2𝑧𝑚𝑖𝑛) 
Equation 8 450 
This equation gives a steady state solution for the calcium concentration in pore 
fluid at a depth below the sea floor and allows for the calculation of the rate of 
precipitation when the rate of dissolution is calculated using the strontium 
concentrations as described previously. 
 455 
5.3 Calcium Isotopes 
Turchyn and DePaolo (2011) previously modified equation 4 to model calcium 
isotopes in pore fluids by deriving a steady state solution to Equation 7 for 
calcium isotopes: 
 460 
𝜕2𝛿44𝐶𝑎𝑓
𝜕𝑧2
=
𝑓𝑐𝑀[𝐶𝑎]𝑠𝑅𝑑
𝐷𝐶𝑎[𝐶𝑎]𝑓
(𝛿44𝐶𝑎𝑠 − 𝛿
44𝐶𝑎𝑓) 
Equation 9 
Where δ44Cas and δ44Caf refer to the calcium isotope composition of the solid and 
pore fluid, DCa is the aqueous calcium diffusion coefficient, which we assume is 
the same for both 40Ca and 44Ca, and all other terms are the same as defined 
above. 465 
 
To find an analytical solution to Equation 9, the assumption must be made that 
that fc, M, [Ca]s, Rd, DCa, 𝛿44𝐶𝑎𝑠 and [Ca]f are constant with depth such that the ex-
parenthesis term is a constant (Fantle and DePaolo, 2007; Turchyn and DePaolo, 
2011).  On the whole, the δ44Ca of the solid always can be assumed to be constant 470 
given the relatively small changes in measured δ44Ca at these sites (Fig. 5) and 
furthermore at a range of previously studied sites (Fantle and DePaolo, 2007; 
Turchyn and DePaolo, 2011). If we assume the other ex-parenthesis terms are 
constant as well (fc, M, [Ca]s, Rd, DCa, and [Ca]f), the analytical solution suggests an 
exponential decay of the calcium isotope composition of the pore fluid to match 475 
the solid: 
 
𝛿44𝐶𝑎𝐹𝐿𝑈𝐼𝐷(𝑧) = 𝛿
44𝐶𝑎𝑆𝑂𝐿𝐼𝐷 + (𝛿
44𝐶𝑎𝑆𝑊 − 𝛿
44𝐶𝑎𝑆𝑂𝐿𝐼𝐷)𝑒
−𝑧 𝐿𝐶𝑎⁄  
Equation 10 
Where the calcium isotope composition of the pore fluid is related to the length 
scale for calcium: 480 
𝐿𝐶𝑎 = √
𝐷𝐶𝑎[𝐶𝑎]𝑓
𝑓𝑐𝑅𝑑𝑀[𝐶𝑎]𝑠
 
Equation 11 
This is a reasonable analytical solution for modelling the approach of the pore 
fluid calcium isotope composition to isotopic equilibrium with the solid-phase 
calcium, because over the depth where the pore fluids are moving towards 
isotopic equilibrium, the ex-parenthesis terms in Equation 9 can be assumed to 485 
be more-or-less constant (Fantle and DePaolo, 2007).  We can explore changing 
various variables ex-parenthesis in Equation 9, on the exponential decay of the 
pore fluid 44Ca to the solid 44Ca (Figure 4).  For example, by decreasing Rd 
from 1*10-6 yr-1 to 1*10-9 yr-1 (Fig. 4a) the pore fluid reaches equilibrium with 
δ44Ca of the solid at 15m (faster dissolution rate) to below 200m (slower 490 
dissolution rate).  If we hold the dissolution rate constant but vary the fraction of 
carbonate the pore fluid reaches the solid δ44Ca faster if there is a higher 
percentage of carbonate in the sediment than if there is a lower percentage (Fig. 
4b).  A similar sensitivity analysis also shows that the fluid to mass ratio (M) has 
a much smaller effect on the pore fluid δ44Ca over the range of M seen in the 495 
natural environment (Fig. 4c).  These calculations show, as previous studies have 
suggested, that the exponential decay form of the analytical solution for Equation 
9 adequately explains the behaviour seen in the δ44Ca of pore fluid calcium in 
deep-sea sediments resulting from the recrystallization of carbonate minerals.  
This sensitivity analysis also demonstrates that while variations in carbonate 500 
dissolution, or recrystallization rate, have a large impact on the length scale over 
which δ44Ca in the porefluid equilibrates with δ44Ca in the carbonate, changes in 
the fraction of carbonate and the fluid to mass ratio (M) have a smaller effect on 
this length scale. 
 505 
Figure 4: Sensitivity analysis for the rate of recrystallization (a), fraction of carbonate (b), mass to 
fluid ratios (c) and idealised calcium concentration during the recrystallization (d).  
 
In the upper part of many sediment columns that are undergoing active 
authigenic carbonate precipitation, however, the founding assumption behind 510 
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the analytical solution to Equation 9 is invalid; the ex-parenthesis term is not 
constant with depth. Unfortunately, there isn’t an analytical solution to Equation 
9 when the ex-parenthesis term varies as a function of depth, and therefore a 
numerical solution must be used if a full diffusion-reaction model of pore fluid 
calcium isotopes is to be made. 515 
 
5.4 Relative importance of advection 
Although the common assumption in deep-sea sediments is that advection is of 
negligible importance, it has recently been suggested that advection can be 
important in sites with high sedimentation rates (Huber et al., 2017).  The 520 
suggestion was made that if the packet of sediment is being buried faster than 
the constituents of the pore fluid can diffuse, that advection can no longer be 
neglected.  Mathematically, the importance of the burial rate (w) and pore fluid 
advection (v) can be assessed using the Peclet number (Huber et al., 2017): 
 525 
𝑃𝑒 =
(𝑤 + 𝑣)𝐿
𝐷𝐶𝑎
 
Equation 12 
 
Where L is the length scale of equilibration with the solid phase for the 
constituent of interest, w is the sediment burial rate, v is forced advection and 
DCa is the diffusion of calcium in pore fluid corrected for tortuosity.  The Peclet 530 
number can be used to assess the importance of advection, where wWhen the 
Peclet number is greater than 1, advection dominates the pore fluid profiles 
while when the Peclet number is much less than 1 then diffusion dominates 
(Huysmans and Dassargues, 2005; Sun et al., 2016).  
 535 
At Site 1081, we calculate that the length scale for calcium isotope equilibrium is 
400m (Eqn. 12) with an average porosity of 0.7, therefore Site 1081 has a Peclet 
number of 2.7, which suggests that advection is not negligible. At Site 1086 with 
a length scale of approximately 200m and an average porosity of 0.6, the Peclet 
number is 0.93, which suggests that advection is also not negligible at this Site.   540 
5.5 Advection Model 
In order to assess the impact of sediment-burial driven advection, a second 
modelling approach was undertaken.  This approach uses the opposite 
assumption to above; in this model we assume that diffusion has a negligible 
effect on the pore fluid relative to the advection due to sediment burial.  The 545 
model is derived such that a packet of sediment and porefluid is buried at the 
sedimentation rate at each site.  The solid is modelled with a constant calcium 
and strontium concentration and calcium isotopic composition (Fantle and 
DePaolo, 2007; Huber et al., 2017). This approach leads to the following three 
equations, derived from Equation 4 but neglecting diffusion, for strontium 550 
concentrations (Eqn. 13), calcium concentrations (Eqn. 14) and calcium isotopes 
(Eqn. 15): 
 
[𝑆𝑟]𝑓𝑡 = [𝑆𝑟]𝑓𝑡−1 + ∆𝑡(𝑅𝑑[𝑆𝑟]𝑠 − 𝑅𝑝[𝑆𝑟]𝑓𝑡−1𝐾𝑆𝑟) 
Equation 13 
[𝐶𝑎]𝑓𝑡 =
[𝐶𝑎]𝑓𝑡−1 + ∆𝑡(𝑓𝑐𝑀
[𝐶𝑎]𝑠(𝑅𝑝 − 𝑅𝑑)) 
Equation 14 555 
𝛿44𝐶𝑎𝑓𝑡 =
(𝑓𝑐𝑀[𝐶𝑎]𝑠𝑅𝑑(𝛿
44𝐶𝑎𝑠 − 𝛿
44𝐶𝑎𝑓𝑡−1) + 𝑓𝑐𝑀[𝐶𝑎]𝑠𝑅𝑝𝜀)
[𝐶𝑎]𝑡
 
Equation 15 
Where KSr is the strontium distribution coefficient into carbonate minerals, Rd is 
the rate of carbonate mineral dissolution, Rp is the rate of carbonate mineral 
precipitation, t is time, which is related to depth by the burial rate: Δt is the time 
step (Δt=1/w), [X]y refers to the concentration of the element of interest in either 560 
the solid or pore fluid, fc, M, Rp, Rd are defined as above, δ44Cay refers to the 
calcium isotope composition in either the solid or pore fluid and 𝜀 is the calcium 
isotope fractionation during carbonate mineral precipitation. 
 
In the discussion, we will apply both the traditional modelling approach 565 
(hereafter called diffusion-reaction modelling) and the modified advection-
dominated modelling approach (hereafter called advection-reaction modelling) 
to explore carbonate mineral precipitation and dissolution rates at our two sites.  
Comment [Office1]: These were 
also defined above. Rework this.  
6 Results 
The calcium concentrations and δ44Ca of the pore-fluid calcium, as well as the 570 
δ44Ca of the solid phase for Sites 1081 and 1086 are summarized in Table 1 and 
Table 2 and plotted shown in Fig. 5.  At Site 1081, the calcium concentrations in 
the pore fluid decrease rapidly over the top 45m of the sediment column to 
3.5mM, before gradually increasing over the measured depth interval, 
approaching 9mM at 450mbsf (Fig. 5).  The δ44Ca of the pore fluids increases 575 
from 0.86‰ at 5mbsf to just over 1‰ at 45mbsf. Beneath 45mbsf the δ44Ca of 
the pore fluid decreases to a minimum of -0.1‰ at 450mbsf. The solid phase 
δ44Ca is constant throughout the core, with an average of -0.3‰.  
 
At Site 1086, the pore fluid calcium concentration also decreases over the top 580 
80m of the core, however below this depth the concentrations stay constant at 
6mM. The δ44Ca of the pore-fluid decreases from 0.8‰ at the top of the core to 
0.2‰ by 100mbsf, where it stays relatively constant, with a slight decrease to 
0.1‰ by the base of the core at just under 200mbsf.  The δ44Ca of the solid phase 
averages -0.35‰ and is constant throughout the core.  585 
 
 
 
 
 590 
 
 
 
 
 595 
 
 
 
 
Table 1: Pore fluid δ44Ca data 600 
Identifier Depth [Ca] (mM) δ44Ca Std Dev. n 
(mbsf) (‰ vs. BSE) (2σ) 
1081_2H 5.4 10.47 0.86 0.03 2 
1081_3H 13.3 10.07 0.91 0.09 3 
1081_4H 24.3 8.52 0.87 0.12 3 
1081_5H 33.8 6.55 1.04 0.13 3 
1081_6H 43.3 3.94 1.01 0.01 2 
1081_7H 52.8 3.42 1.03 0.07 2 
1081_8H 62.3 3.61 0.92 0.06 3 
1081_9H 71.8 3.69 0.99 0.01 2 
1081_10H 81.3 3.74 0.78 0.07 2 
1081_11H 90.8 4.06 0.53 0.09 3 
1081_12H 100.3 4 0.62 0.01 2 
1081_15H 128.94 3.25 0.41 0.10 3 
1081_18H 150.35 4.64 0.49 0.02 2 
1081_21X 178.2 4.99 0.37 0.19 3 
1081_24X 207.2 5.27 0.33 0.18 2 
1081_27X 235.8 5.23 0.10 - 1 
1081_30X 264.75 4.88 0.12 - 1 
1081_33X 293.65 5.57 0.12 - 1 
1081_36X 323 5.51 -0.02 0.02 2 
1081_39X 352.27 6.8 0.00 0.01 2 
1081_42X 380.38 7.49 -0.05 0.02 2 
1081_45X 409.28 7.64 0.11 0.03 2 
1081_48X 441.15 7.73 -0.08 0.05 2 
      
1086_1H1W 1.4 11.09 0.73 0.12 2 
1086_1H3W 4.4 10.06 0.78 0.05 2 
1086_2H 11.1 9.45 0.66 0.09 2 
1086_4H 30.1 8.87 0.61 0.03 2 
1086_6H 49.1 7.92 0.39 0.02 2 
1086_8H 68 7.25 0.32 0.14 2 
1086_10H 87 6.14 0.24 0.14 2 
1086_11H 96.6 6.56 0.18 0.17 2 
1086_14H 125.1 6.46 0.17 0.07 2 
1086_20H 182.1 6.32 0.11 0.03 2 
 
Table 2: Solid δ44Ca data 
Identifier Depth 
(mbsf) 
% CaCO3 δ44Ca 
(‰ vs. BSE) 
Std Dev. 
(2σ) 
n 
1081_2H 1.5 40.4 -0.25 - 1 
1081_4H 20.5 26.1 -0.42 0.06 2 
1081_5H 31.5 44.5 -0.25 - 1 
1081_6H 42.5 18.9 -0.32 0.05 2 
1081_7H 49.0 31.3 -0.35 0.06 2 
1081_8H 58.5 32.3 -0.21 - 1 
1081_9H 68.0 19.5 -0.25 0.04 2 
1081_27X 146.5 9.1 -0.21 - 1 
1081_33X 289.8 24.1 -0.32 0.09 2 
      
1086_1H 2.0 82.8 -0.25 - 1 
1086_3H 18.2 78.2 -0.33 - 1 
1086_7H 56.2 74.8 -0.38 - 1 
1086_11H 94.2 76.0 -0.36 - 1 
1086_20H 179.7 86.4 -0.42 - 1 
 
 Figure 5: (a-b) Pore fluid Calcium concentration (Wefer et al., 1998) and (c-d) Pore fluid (blue x) and 605 
solid (red ) δ44Ca relative to BSE. The pore fluid δ44Ca measurements are interpolated to create a 
best-fit line (orange). Zones I, II and III are the bacterial sulfate reduction zone, zone of anaerobic 
oxidation of methane and zone of methanogenesis respectively, as determined from pore fluid 
concentrations and previous work on the sites (Wefer et al., 1998; Sivan et al., 2007). The sulfate-
methane transition zone is situated between zones I and II. The error reported is the long-term 2σ of 610 
915B or the 2σ of the measured sample replicates, whichever is larger. 
 
7 Discussion 
The recrystallization of carbonate minerals in marine sediments, as well as the 
addition of carbonate minerals through the precipitation of authigenic carbonate, 615 
impacts the carbon isotope mass balance of Earth’s surface environment as well 
as the preservation of carbonate mineral-based proxies for paleoceanography 
(Berner, 1980; Schrag et al., 1995; Berner, 2003; Fantle and DePaolo, 2005; 
Fantle and DePaolo, 2006; Fantle and DePaolo, 2007; Fantle and Tipper, 2014; 
Fantle and Higgins, 2014; Fantle, 2015; Griffith et al., 2015). By studying the 620 
process of sedimentary carbonate precipitation, dissolution and recrystallization 
we can explore the impact of this sedimentary diagenesis on the surface carbon 
cycle. 
 
The discussion is divided into three parts.  First, we will discuss the modelling of 625 
Site 1081 and 1086.  We will compare the use of the diffusion-dominated 
traditional reactive-transport models (hereafter called diffusion-reaction model) 
with the advection-dominated reactive-transport models (hereafter called 
advection-reaction model - see modelling methods).  Within the model section, 
we use the strontium concentrations, calcium concentrations and calcium 630 
isotopes in the pore fluid to model both the rates of carbonate dissolution and 
the depth distribution of carbonate precipitation and dissolution.  
 
We then explore the possibility of non-unity fractionation at Site 1086, where the 
pore fluid δ44Ca is offset from the solid δ44Ca.  Finally, we use measured carbon 635 
isotopes of the DIC with our model to ascertain what the carbon isotope 
composition of the added authigenic phases would be. 
 
7.1 Modelling pore fluid carbonate Dissolution and Precipitation 
The standard approach to modelling carbonate precipitation, dissolution, and 640 
recrystallization using the combination of strontium and calcium concentrations 
and calcium isotopes is to apply a diffusion-reaction model with porefluid 
strontium concentrations to ascertain rates of carbonate mineral dissolution 
(Eqn. 5), then calcium concentrations to get the rate of carbonate mineral 
precipitation (Eqn. 7) and finally calcium isotopes to refine the overall rates of 645 
precipitation and dissolution or recrystallization (using the numerical solution to 
Eqn. 9).  We will initially follow this path. For Site 1081, we use the diffusion-
reaction model to determine the carbonate dissolution rates using strontium 
concentrations from 60mbsf to the base of the core because of the likely locus of 
carbonate precipitation in the zone of anaerobic methane oxidation (30-50m - 650 
Sivan et al., 2007), which impacts the pore fluid strontium concentrations 
(discussed below).  For Site 1086 the entire profile is modeled from the 
sediment-water interface.  The best fit using Eqn. 5 and 6 gives rates of 
carbonate dissolution within these sediments of 5*10-10 yr-1  (Site 1081) and 
4*10-10 yr-1 (Site 1086) (Figure 6).  655 
 
Carbonate dissolution supplies calcium to the pore fluid that has a δ44Ca similar 
to that of the solid (-0.3‰).  It has previously been suggested that the dominant 
process that impacts the calcium isotope composition of pore fluid calcium is 
carbonate dissolution (Fantle and DePaolo, 2007; Fantle, 2015).  Therefore, our 660 
next step is to explore the effect of this carbonate dissolution on the δ44Ca of the 
pore fluid.  As a start, we use the diffusion-reaction model to determine the δ44Ca 
pore fluid profile that would occur from simply the calculated rates of carbonate 
dissolution from strontium concentrations, initially assuming all other ex-
parenthesis terms in Equation 9 are constant so we can use an analytical solution 665 
(see modelling methods - solid and dotted line, Fig. 6b, solid line, Fig. 6d).  For 
Site 1081, our modeled δ44Ca pore fluid profile fits the data from 60mbsf to the 
base well (solid line, Fig. 6b).  On the other hand, at Site 1086, there is an offset 
between the modeled and measured pore fluid δ44Ca below 100m, with the 
modeled profile being lower in δ44Ca than the measured δ44Ca (solid line, Fig. 670 
6d). 
 
The importance of sedimentary carbonate precipitation on the pore fluid δ44Ca is 
shown when we model Site 1081 from the sediment-water interface (rather than 
60m) assuming only carbonate dissolution impacts the δ44Ca of the pore fluid. In 675 
this case, the modeled pore fluid δ44Ca is far too low relative to the measured 
δ44Ca (“R=5*10-10”, dotted line, Fig. 6b). This suggests that at the top of Site 1081 
there must be carbonate precipitation, with some calcium isotope fractionation, 
that transiently raises the δ44Ca of the pore fluid (Teichert et al., 2009).  
 680 
 
Figure 6: Measured strontium pore fluid concentrations (o) compared to model fits for 
recrystallization rates from 3*10-10 to 7*10-10 for Site 1081 (a). Measured δ44Ca pore fluid values (x) 
compared to the model profiles for the same rates of recrystallization from the strontium 
concentrations from Site 1081 (b). Measured strontium pore fluid concentrations (o) compared to 685 
model fits for recrystallization rates from 2*10-10 to 6*10-10 for Site 1086 (c). Measured δ44Ca pore 
fluid values (x) compared to the model profiles for the same rates of recrystallization from the 
strontium concentrations from Site 1086 (d).  
The fact that at both sites the modeled δ44Ca of the pore fluid calcium is lower 
than the measured δ44Ca of the pore fluid emphasizes the importance of 690 
carbonate precipitation, even at very slow rates, on the δ44Ca of the pore fluid. 
Previous work on the calcium isotope fractionation during carbonate 
recrystallization in deep-sea sediments has suggested at the (slow) rates of 
precipitation occurring within marine sediments there is no calcium isotope 
fractionation between the solid and the fluid from which it is formed (Fantle and 695 
DePaolo, 2007; DePaolo, 2011; Turchyn and DePaolo, 2011; Fantle and Higgins, 
2014; Fantle, 2015).  Our model mismatch between the pore fluid δ44Ca and the 
‘dissolution only’ modeled δ44Ca suggests that there must be calcium isotope 
fractionation occurring during the sedimentary precipitation of carbonate, which 
leaves 44Ca behind in the pore fluid. A distinct increase in the calcium isotope 700 
composition of the pore fluid, similar to that reported in Teichert et al. (2009), is 
only observed in Site 1081 in the upper 50m of the core, which correlates with 
the zone of anaerobic oxidation of methane.   In this zone, there is a rapid 
increase in alkalinity (Fig. 2c), which could drive relatively rapid precipitation of 
sedimentary carbonate minerals.  705 
 
The rate of the sedimentary carbonate precipitation can be calculated from the 
change in the pore fluid calcium concentrations as described by Equation 8 using 
the diffusion-reaction model (Figure 7). This solution is applicable over the 
upper part of the sediment column where calcium concentrations are decreasing, 710 
from the top of the column to the minimum calcium concentration within the 
profile (zmin). Using the dissolution rate (Rd) as calculated from strontium (Fig. 
6a,c) the best-fit profile suggests rates of carbonate precipitation of 2.35*10-8, 
which is ~50 times higher than the dissolution rate at the top of this site (Fig. 
7a).  At Site 1086 the model suggests carbonate precipitation is occurring at a 715 
rate of 9*10-10 yr-1, which is ~2 times higher than the carbonate dissolution rate 
(Fig. 7b).  The modeled calcium concentration profiles confirms the qualitative 
reading of the pore fluid profile that the carbonate precipitation is concentrated 
in a relatively narrow zone in Site 1081, whereas in Site 1086 it continues to a 
greater depth, but at a much slower rate.  720 
 
Figure 7: Best-fit profiles as determined by the root mean square error (solid line) of the calcium 
concentration models of Site 1081 (a) and Site 1086 (b) compared with the measured calcium 
concentrations (x) (Wefer et al., 1998). 
The modelling as described above is a first-pass simple analytical approach to 725 
describing diffusion-dominated reactive-transport in these sedimentary 
columns.  We note that this model produces rates of carbonate precipitation and 
dissolution that are similar to those in the literature for deep-sea sediments 
(Fantle and DePaolo, 2007; Turchyn and DePaolo, 2011). We also note that this 
diffusion-reaction modelling is by far the most common approach in the 730 
literature, but as discussed in the modelling methods, requires many 
assumptions that we must revisit (Huber et al., 2017).  The most alarming 
assumption is that because of the high burial rates at our sites, and therefore the 
non-negligible Peclet numbers, we cannot ignore sediment advection, achieved 
through sediment burial (Huber et al., 2017).  Indeed with the Huber et al (2017) 735 
derived model equations, it seems that given the rapid sedimentation rates along 
the West African Margin where our Sites are located, that diffusion plays a 
minimal role in shaping the pore fluid profiles.  
 
We therefore compare the standard diffusion-reaction model results above with 740 
the advection-reaction model given in Equations 13, 14, and 15. As shown in Fig. 
8, the advection-reaction model simultaneously can fit strontium and calcium 
concentrations in the pore fluid with the calcium isotope composition at both 
Site 1081 and 1086. 
 745 
 
Figure 8: Measured strontium concentrations (x left), calcium concentrations (x middle) and calcium 
isotopes (x right) for Site 1081 (top) and Site 1086 (bottom).  These are compared to the model fits 
for the rates of precipitation and dissolution calculated using Equations 13-15 and a range of 
calcium isotope fractionation on the precipitation (0-0.8‰). 750 
 However the rates of carbonate dissolution required by this advection-reaction 
model to simultaneously fit the strontium, calcium, and calcium isotope pore 
fluid data, are strikingly higher than the previous diffusion-reaction based model, 
with modelled carbonate dissolution rates of 0.0011yr-1 at Site 1081 and 755 
0.0021yr-1 at Site 1086.  Over the upper part of the sediment column where 
carbonate precipitation is occurring the modelled rates of precipitation are 
0.0058yr-1 at Site 1081 and 0.0024yr-1 at Site 1086 (Fig. 8), therefore twice as 
high at Site 1081 than at Site 1086.  
 760 
Overall the rates using the advection-reaction model are much, much higher than 
the rates calculated using the diffusion-reaction model.  One explanation for this 
is that the diffusion-reaction model assumes steady state, which requires that the 
reaction rates are overall going to be calculated to be much slower as there is no 
consideration of the time it has taken to reach the measured pore fluid profile.   765 
In the advection-reaction model we have a better time dependence included, 
where if we know a sediment packet has been buried to 50 meters in 1 million 
years, and we know the change in the pore fluid over that time, we have a direct 
calculation of what the rate of change must be.  Although the Peclet number 
calculation suggests that advection dominates at our Sites, it is likely that both 770 
diffusion and advection play some role and the true rates lies somewhere 
between.  Within the advection-reaction model, the effect of diffusion would be 
to smooth out the pore fluid profile, particularly at inflection points. This implies 
that when diffusion becomes more important the calculated rates of carbonate 
precipitation will be higher over the upper part of the sediment column.  775 
Exploring the relative importance of sediment-burial-driven advection on 
generic reactive transport models for sedimentary diagenesis is ripe for new 
thought, since the sedimentation rates at our Sites are high, but not exceptionally 
so. Although this is beyond the scope of this paper, wWe suggest this is an area 
for future research and a reconsideration of the interpretation of pore fluid 780 
profiles in continental margins and slopes where sedimentation rates can be 
very high. 
 
One consequence of both the diffusion-reaction and advection-reaction models is 
that there must be calcium isotope fractionation of around 0.4‰ occurring 785 
during the sedimentary precipitation of carbonate at both Site 1081 and 1086, in 
order for the calcium isotopes and calcium concentration to match the rates of 
carbonate dissolution calculated from the strontium concentrations.  This study 
is the first to suggest a calcium isotope fractionation during deep-sea carbonate 
diagenesis. If we assume that there must be small amounts of carbonate 790 
dissolution to explain the increase in the strontium concentrations at Site 1086, 
then our data require a small calcium isotope fractionation during either 
carbonate precipitation or carbonate dissolution, or both. 
 
7.2 Non-unity calcium isotope fractionation in Site 1086  795 
 
At Site 1086, the δ44Ca of the porewater tends towards between 0.1 and 0.2‰, 
approximately 0.5‰ higher than the δ44Ca of the solid from 100 meters to the 
base of the core.  This suggests that at this site, below 100 meters, there must be 
no carbonate recrystallization, extremely slow recrystallization, or calcium 800 
isotope fractionation between the solid and the fluid phases.  We can consider 
each of these in turn.  It is possible that carbonate recrystallization rates become 
so low below this depth there is no change in the calcium isotope composition 
(or calcium concentration) of the pore fluid, however it seems unlikely as the 
strontium concentrations in the pore fluid continue to increase.  A similar option 805 
is if there were a marginal difference between the rates of carbonate 
precipitation (Rp) and dissolution (Rd) and a constant calcium isotope 
fractionation factor during this precipitation; the difference in the rate of 
carbonate precipitation and dissolution would have to be small enough not to 
change the calcium concentrations. If there was such a marginal difference 810 
between the rate of carbonate precipitation and dissolution and a calcium 
isotope fractionation during this precipitation, this would lead to the pore fluid 
staying at a higher δ44Ca relative to the pore fluid δ44Ca that would have 
decreases towards the solid value during pure recrystallization.  Equation 16 can 
be used to calculate the rates of carbonate precipitation relative to dissolution to 815 
achieve this non-unity condition (i.e. when there is a constant offset between the 
pore fluid and solid δ44Ca) using the rates of dissolution calculated from 
strontium concentrations and a δ44Cas of -0.3‰. 
∆44𝐶𝑎 = 𝛿44𝐶𝑎𝑠 − ((
𝑅𝑝
𝑅𝑑
) × (𝜀 ×
𝑅𝑝 − 𝑅𝑑
𝑅𝑝
)) 
Equation 16 
In Equation 16, ∆44𝐶𝑎 is the offset between the solid δ44Ca (𝛿44𝐶𝑎𝑠) and the 820 
measured pore fluid δ44Ca, which changes depending on the depth. 𝑅𝑝 and 𝑅𝑑  are 
the rates of carbonate precipitation and dissolution respectively and 𝜀 is the 
calcium isotope fractionation during precipitation.  However, with either of the 
rates of carbonate dissolution and precipitation calculated through our diffusion-
reaction or advection-reaction approach above, the difference in RP and Rd to 825 
keep the calcium isotopes at non-unity would necessitate an increase decrease in 
the calcium concentration of the pore fluid, since rates of precipitation would 
exceed those of dissolution, which contradicts Site 1086’s pore fluid data.  Our 
model suggests that the difference between Rp and Rd would have to be below 
5% so as not to impact the calcium concentration in the pore fluid, and at such a 830 
low carbonate precipitation rates the calcium isotope fractionation factor during 
carbonate precipitation would need to approach 20‰ to keep the fluid out of 
isotopic equilibrium with the solid (Fig. 9a).  
 
Figure 9: (a,b) Schematic diagrams of relative precipitation and dissolution rates and associated 835 
fractionation and (c) Modeled δ44Ca of the pore fluid with percentage of fluid exchanged per meter 
depth. 
 
Another explanation for the offset between the δ44Ca of the pore fluid and δ44Ca 
solid in the lower part of Site 1086 is that there is a calcium isotope equilibrium 840 
fractionation factor on carbonate precipitation but none on dissolution (Fig. 9b). 
Assuming a constant δ44Ca of the solid and that the carbonate precipitation and 
dissolution rates are equal (n=1) then the calcium isotopic composition of the 
fluid will decrease to a δ44Ca that is offset from the solid δ44Ca by the magnitude 
of the calcium isotope fractionation during precipitation. If this equilibrium 845 
calcium isotope fractionation were 0.5‰ then this would explain why there is a 
0.5‰ difference between the δ44Ca of the solid and the δ44Ca of the pore fluid at 
depth. Equally, a calcium isotope fractionation during carbonate dissolution 
would produce the same results. However, there are multiple studies suggesting 
a range of calcium isotope fractionation during carbonate precipitation but none 850 
suggesting calcium isotope fractionation during dissolution (De La Rocha and 
DePaolo, 2000; Gussone et al., 2003; Fantle and DePaolo, 2005; Gussone et al., 
2005; Fantle and DePaolo, 2007; Teichert et al., 2009; Fantle, 2015).  The best-fit 
surface kinetic model created by DePaolo (2011) to explain the data of Tang et 
al., (2008a) suggested that at very low precipitation rates the equilibrium 855 
calcium isotope fractionation factor (eq) could be 0.9995, which equates to a 
solid-fluid offset of -0.5‰.  In this case, DePaolo (2011) suggested that the 
model did not match the previously published data due to the large mismatch 
between the precipitation rates of the experimental and natural systems.  
 860 
A simple model output of this type of equilibrium isotope exchange between the 
fluid and solid reservoirs is shown in Fig. 9c, with the greater the percentage of 
pore fluid exchanged at each depth, the quicker the fluid will isotopically move 
from seawater δ44Ca towards a δ44Ca that is offset from the solid carbonate by 
the magnitude of the calcium isotope fractionation during carbonate 865 
precipitation.  This calculation assumes that Rp and Rd are equal throughout the 
core, with a certain fraction exchanged between the solid and fluid at each depth. 
Therefore, it serves simply to illustrate how pore fluid δ44Ca would evolve to the 
solid δ44Ca with the calcium isotope offset imposed by an assumed calcium 
isotope fractionation, and the rate of evolution from seawater at the top of the 870 
sediment pile to the equilibrated values (with the isotope offset) is a function of 
the amount of carbonate recrystallized, or turned over, at each depth (e.g. Fantle 
and DePaolo, 2007). 
7.3 Precipitation during AOM or sulfate reduction? 
It has previously been suggested that authigenic carbonate precipitation would 875 
be unlikely to occur in the zone of microbial sulfate reduction, as the pH tends 
towards a value of 6.7, which is considered below the critical pH for carbonate 
precipitation (Soetaert et al., 2007).  In contrast, in the zone of anaerobic 
oxidation of methane (AOM), the pH tends towards 7.8 and further alkalinity is 
produced, leading to ideal conditions for the sedimentary precipitation of 880 
carbonate (Soetaert et al., 2007).  Below where AOM occurs within the zone of 
methanogenesis, it has previously been reported the pH will tend towards a 
value of 5.6, possibly leading to carbonate dissolution (Soetaert et al., 2007).  At 
Site 1081, the geochemistry of the pore fluids and our model suggests carbonate 
precipitation is happening towards until the base of the zone of sulfate reduction 885 
and into the zone of anaerobic oxidation of methane (Sivan et al., 2007). This is 
evidenced fFrom the calcium isotopes as well, ; the most 44Ca-enriched pore 
fluids are between 40 and 60mbsf although higher resolution pore fluids would 
help resolve this.  At Site 1086 although there is no sulfate minimum zone in the 
measured profile and no methane (Wefer et al., 1998), both of our models 890 
(diffusion-reaction and advection-reaction) requires twice as much carbonate 
precipitation as dissolution at the top of the sediment column to account for the 
decrease in the calcium concentrations in the pore fluid. 
 
The combination of calcium concentrations and calcium isotopes suggests that 895 
the zone of carbonate precipitation at Site 1081 is between 0 and 50mbsf. The 
δ13C of the DIC between these two depths ranges from around -10‰ at 0mbsf to 
-22‰ at 53mbsf (Fig. 10) (Sivan et al., 2007).  This suggests that any 
precipitated authigenic carbonate would have a δ13C around these two values, 
with the average being -18.5‰.  It should also be recalled that there is a small 900 
carbon isotope fractionation during calcite precipitation (~1‰)(Romanek et al., 
1992).  In any case, a δ13C for sedimentary carbonate of -18.5‰ is significantly 
lower than the δ13C of biogenic carbonates (~ -2 to +2‰ Ravelo and Hillaire-
Marcel, 2007).  However at Site 1086, the zone of authigenic carbonate 
precipitation is within the entire sulfate-reducing zone (Fig. 2), between 1.4 and 905 
90mbsf. In this region, the δ13C of the DIC varies from -2.4‰ at 1.4mbsf to -
5.8‰ at 20mbsf where it remains constant (Fig. 10). This suggests that the 
authigenic carbonate that formed within this region would have a δ13C of around 
-5.0‰, which is lower than biogenic carbonate δ13C, but much higher than the 
authigenic carbonate suggested to precipitate at Site 1081. 910 
 
Figure 10: δ13C relative to PDB of the dissolved inorganic carbon (DIC) from Site 1081 (a) and Site 
1086 (b) (Sivan et al., 2007), with the zones of precipitation of carbonate as suggested by the 
numerical models shaded in grey. 
 915 
Both of these sites suggest that authigenic precipitation of carbonate is depleted 
in 13C but that its δ13C may vary depending on the rate of supply of alkalinity 
caused by sulfate reduction and anaerobic oxidation of methane, versus the rate 
of depletion of calcium in the pore fluid caused by carbonate precipitation.  
Further work could determine the global δ13C of this authigenic carbonate sink 920 
through further modelling the controls on the depth distribution of sedimentary 
carbonate precipitation relative to the oxidation of organic matter.  
 
8 Conclusions 
We have used calcium isotopes in pore fluids at two geographically close 925 
locations along with the measured calcium and strontium concentrations to 
constrain the rates of carbonate precipitation and dissolution at these sites.  The 
data presented within this study complements previous work on the extremely 
low rates of carbonate dissolution in organic/clay rich sites. TheOur calcium 
isotope data when combined with the model and other pore fluid data constrains 930 
the zone of authigenic carbonate precipitation: at Site 1081 to the base of the 
zone of sulfate reduction and into the zone of anaerobic oxidation of methane, 
and at Site 1086 in the upper part of the zone of sulfate reduction.  Both of the 
measured sites require a calcium isotope fractionation during carbonate 
precipitation to explain the measured data, with a clear enrichment in the δ44Ca 935 
of pore fluids over what would be modelled without calcium isotopeic 
fractionation during precipitation, in the zone of precipitation at the top of Site 
1081. The data from Site 1086 supports calcium isotope fractionation during 
recrystallization at depth in carbonate-rich marine sediments.  The depth at 
which precipitation of authigenic carbonate is occurring within these two sites 940 
varies, but suggests that the δ13C of the authigenic carbonate phase is depleted in 
13C but to varying degrees.  
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